The quadricyclane -norbornadiene system is an important model for the isomerization dynamics between highly strained molecules. In a breakthrough observation for a polyatomic molecular system of that complexity, we follow the photoionization from Rydberg states in the time-domain to derive a measure for the time-dependent structural dynamics and the time-evolving structural dispersion even while the molecule is crossing electronic surfaces. The photoexcitation to the 3s and 3p Rydberg states deposits significant amounts of energy into vibrational motions. We observe the formation and evolution of the vibrational wavepacket on the Rydberg surface and the internal conversion from the 3p Rydberg states to the 3s state. In that state, quadricyclane isomerizes to norbornadiene with a time constant of τ 2 = 136(45) fs. The lifetime of the 3p Rydberg state in quadricyclane is τ 1 = 320(31) and the lifetime of the 3s Rydberg state in norbornadiene is τ 3 = 394(32).
INTRODUCTION
Probing the structure of a molecule while a chemical reaction unfolds has been a long standing goal in chemical physics. In the past decades, many spectroscopic and diffraction techniques were applied to study ultrafast, photoinduced chemical reactions. 1 Yet most ultrafast studies determine the kinetics of chemical reactions by probing the lifetimes of the electronic states associated with structural changes. Probing the structure of the molecule itself, on an ultrafast time scale, has only been achieved for relatively small molecules with few vibrational degrees of freedom. 2 For larger molecules that feature complex potential energy landscapes with multiple minima, traditional spectroscopic, and diffraction techniques appear to be inapplicable, except for special cases. 3, 4 Indeed, most techniques to determine molecular structure work well only when the molecules are cold and the vibrational motions are minimized. Yet the ability of a molecule to undergo an ultrafast chemical reaction implies that a significant amount of energy resides within the molecule. In order to probe the structure of even medium sized molecules on an ultrafast time scale, a technique that is sensitive to the structure of the molecule yet insensitive to the vibrational motions is required.
Recently we suggested using Rydberg electron binding energy spectra, which can be analyzed in terms of principal quantum numbers and quantum defects, to study ultrafast chemical reactions. [5] [6] [7] [8] [9] In our research we demonstrated that Rydberg electrons are remarkably sensitive to the geometrical structure of the underlying molecular core. The sensitivity to the molecular structure arises from the phase shift that the Rydberg electron encounters when passing the molecular ion a) rudakovfm@ornl.gov. core. 10, 11 The phase shifts are observed spectrally as deviations of the Rydberg electron binding energies from the corresponding energies in hydrogen atoms. The Rydberg spectrum is recorded by photoionizing the molecules out of their Rydberg states. Since molecular Rydberg electrons do not play a significant role in the chemical bonding, the photoionization does not alter the potential energy surface of the nuclear motions. The vibrational eigenfunctions do not change upon photoionization and most of the Franck-Condon envelope is enclosed in a narrow band. [12] [13] [14] [15] Consequently, the spectra are largely insensitive toward internal vibrational energy. The sensitivity toward molecular structure coupled with the insensitivity toward vibrational excitation makes photoionization out of a Rydberg state an ideal tool to study ultrafast structural changes in large molecules. In recent publications we utilized Rydberg electron binding energy spectra to explore ultrafast curve crossing dynamics in cyclic dienes, 16 the conformational dynamics in large aliphatic systems 17, 18 and to identify the structure of a molecule after conversion to the ground electronic state potential energy surface. 19 In all these measurements, we observed the kinetics of the molecular reaction, i.e., the distillation of a molecular structure from one potential energy well to another. In the present publication, we report on observation of molecular dynamics, using as a model system the ultrafast isomerization of quadricyclane (QD) into 2,5-norbornadiene (NB) on the Rydberg surface. The dynamical molecular structure is revealed by the timedependent position of a Rydberg peak, while the dispersion of molecular structures about equilibrium geometry is given by the width of the peak.
Strained cyclic hydrocarbons, such as cubane or quadricyclane, are interesting because they combine high energy content with high stability. The cubane derivatives octanitrocubane and heptantrocubane have been suggested to be used as high explosives. 20 Similarly, quadricyclane has been considered as a potential high-energy density liquid fuel. 21 The pair of chemicals QD and NB (and their derivatives) was considered for solar energy storage. [22] [23] [24] The photoinduced isomerization of NB results in QD, and when converted back into NB, the strain energy is liberated as heat ( H = −89 kJ/mol). 25 The NB and QD isomers may also form the molecular basis for an optical memory system. 26 In light of the importance of the QD/NB isomers for solar energy storage, both the isomerization of NB to QD and the reverse reaction have been extensively studied. It was established that isomerization of QD into NB can be performed via a free-radical-cation chain reaction (see Ref. 27 and references therein). Indeed, the activation energy for the QC → NB reaction in the ground electronic state is ∼33.9 kJ/mol (1.47 eV), while in the ion state the activation energy for QC · + → NB · + is only ∼11 kcal/mol (0.48 eV).
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In the current publication we study the QD/NB isomerization reaction on a Rydberg surface. Since the Rydberg electron does not significantly contribute to the chemical bonding, the structural dynamics probed on the Rydberg surface is expected to approximate that on the ion surface. We probe the ultrafast structural dynamics in quadricyclane by a multiphoton pump−probe ionization scheme that is coupled with the detection of the ejected photoelectrons. Photoexcitation of QD with 208 nm photons populates 3s and 3p Rydberg states. The photoexcitation promotes an electron from a bonding to a non-bonding orbital, resulting in a significant change in equilibrium structure of QD and causing the molecule to perform large amplitude vibrational motions. The molecules are probed out of the 3p and 3s states by photoionization with a time-delayed 416 nm laser pulse. From the time-dependent photoelectron spectra, we assemble a picture of the structural dynamics of QD on the Rydberg surface (Figure 1 ), including electronic relaxation, vibrational relaxation, and isomerization into NB. We also determine the time scales for each of those processes.
Upon excitation, the wavepacket dissipates into other vibrational degrees of freedom and the system moves towards a new equilibrium position. QD in its Rydberg state is very unstable. The vibrational energy available to the molecule on the 3s Rydberg potential energy surface suffices for its isomerization into the much more stable NB, which we observe by the appearance of a corresponding Rydberg peak in the photoionization spectrum.
EXPERIMENTAL
Our experimental setup consisting of a photoelectron spectrometer and a laser system has been described in detail in Refs. 29 and 30. Briefly, the output of a regenerative amplifier (Spitfire, Spectra-Physics) seeded by a Ti:Sapphire laser (Tsunami, Spectra-Physics) and pumped by a 5 kHz Nd:YLF laser (Evolution 30, Coherent) was frequency doubled and quadrupled yielding 416 nm and 208 nm pulses with energies of 25 μJ and 800 nJ correspondingly. The laser beams were combined using a dichroic mirror and focused onto the molecular beam that is formed by co-expanding quadricy-FIG. 1. Time resolved photoexcitation and photoionization scheme of quadricyclane. 208 nm photons are used to populate the 3s, 3p x,y , and 3p z states, from where photoionization is achieved using 416 nm photons. Internal conversion leads from 3p to 3s (green arrow). Quadricyclane, containing only sigma bonds, undergoes significant structural changes upon photoexcitation, resulting in large amplitude motion along certain vibrational degrees of freedom. The vibrational wave packet dissipates towards other vibrational degrees of freedom. The vibrational energy available to quadricyclane in the 3s Rydberg state is sufficient to cause isomerization of to norbornadiene.
clane (purchased from Exciton) or norbornadiene (purchased from Sigma-Aldrich) with helium as a carrier gas through a nozzle and a skimmer. Both chemicals were used without further purification. To minimize saturation effects the light intensities were kept on the order of 10 10 W/cm 2 .
RESULTS AND DISCUSSION
Photoionization of QD and NB with 2nd harmonic pulses (416 nm) leads to the spectra of Figure 2 . QD spectrum shows peaks centered at 2.29 eV, 2.24 eV, and 2.88 eV which correspond to Rydberg states with n = 3 and quantum defects of 0.563, 0.536, and 0.827. Based on quantum defects values, we assign the QD peaks at 2.29 eV and 2.24 eV to 3p levels and the peak at 2.88 eV to 3s. At this point, we cannot identify the magnetic quantum numbers of the 3p peaks, so that we label them with their energy, as 3p (2.29 eV) and 3p (2.24 eV), respectively. The NB spectrum shows only one Rydberg peak, at 2.78 eV (quantum defect δ = 0.788), which is ascribed to the 3s level. A broad peak centered at 2.4 eV likely originates from a valence state. 31 Figure 3(a) shows the time-dependent electron binding energy spectrum of the QD/NB system (one color signals are subtracted). The 208 nm laser pulse initially populates the 3s and 3p states of QD. At later times, a peak at binding energy of ∼2.8 eV appears. This energy corresponds to that of the 3s Rydberg state of NB (Figure 2 ). We thus conclude that QD FIG. 2. Rydberg electron binding energy spectra of quadricyclane (black solid line) and norbornadiene (red dashed line). The 3-photon, one-color ionization spectra were obtained by ionizing with 416 nm photons. Peaks centered at 2.88 eV, 2.29 eV, and 2.24 eV are assigned to the 3s, and the different 3p Rydberg states, respectively. The small peak near 2.7 eV is likely due to an unidentified impurity in the QD sample. Photoionization of NB using 416 nm photons proceeds through the 3s Rydberg state with binding energy of 2.78 eV. A broad peak centered at 2.4 eV likely originates from a valence state.
undergoes isomerization into NB on the 3s Rydberg surface. The broad background stretching throughout the spectrum at positive time delays probably originates from the NB valence states populated through relaxation of the 3s state of NB. We point out that no NB 3p states are observed, indicating that QD in the 3p states does not possess enough vibrational energy to cross the barrier to isomerization. Indeed, quantum chemical calculations indicate that the activation energy for the isomerization reaction of QD into NB on the ion surface is ∼0.5 eV. 27, 32 Since Rydberg electrons do not much affect the chemical bonding, the potential energy surface in the Rydberg state is similar to that in the ion state and the activation barrier calculated for QD isomerization on the ion surface is a good approximation for that on the Rydberg surface. Since the adiabatic ionization potential for QD is 7.8 eV, 33 the amount of vibrational energy available to the molecule in the 3p states is 0.41 eV and 0.46 eV, correspondingly, which is insufficient to cause an isomerization reaction. In the 3s Rydberg state the energy available to the molecule is ∼1.05 eV, which is significantly larger than the activation barrier.
The positions and the widths of the QD Rydberg peaks depend on the time delay between laser pulses (Figure 3) . The spectra were deconvoluted assuming a Lorentzian shape of the peaks and the peaks centers and FWHM were plotted as a function of time in Figure 4 . The time dependencies of both quantities fit to single exponential decays as illustrated by red lines in Figure 4 , with the parameters as listed in Table I . For each of the levels, the time constants for the peak shifts and the peak narrowings are equal within the uncertainty interval. 35 This suggests that both processes originate from the same phenomena, namely the formation and evolution of the vibrational wavepacket on the Rydberg surface.
Promotion of an electron from the ground state to the Rydberg states results in a large change in equilibrium structure and deposits substantial energy in certain vibrational de- 27 The large change in bond length implies that the molecules are initially prepared in the excited electronic state with significant energy in anharmonic vibrations. Unlike in the case of harmonic vibrations, 34 the binding energy of the Rydberg electrons is then dependent on the vibrational mode, as are the mean bond lengths. This structural dispersion is observed as a large width of the Rydberg peaks. As the wavepacket evolves, the energy moves out of the anharmonic vibrations and into other degrees of freedom. This renders the oscillations more harmonic and centered about the new equilibrium geometry. We observe this process as the time-dependent shift of the peak centers. Simultaneously, the structural dispersion that is associated with the anharmonic vibrations and that broadens the Rydberg peaks decreases as a function of time, an effect that we observe as the decreasing peak widths.
The fact that the time constants for peak narrowing and shifting differ amongst the Rydberg states is explained by the fact that vibrational energy redistribution is accompanied by the relaxation of the molecules from the higher lying Rydberg states (the lifetimes of Rydberg states in QD are on the order of a few hundred femtoseconds, as discussed below). Relaxation of the molecule from higher lying electronic states deposits additional energy into vibrational motions thus resulting in peak broadening. The time constants for peak narrowing and shifting reflect the dissipation of the wave-packet only for the highest 3p Rydberg state (2.24 eV). For the 3s and the lower 3p states (2.29 eV) there are two competing processes: (a) peak narrowing as the vibrational energy is distributed among different degrees of freedom and vibrations become less anharmonic and (b) peak broadening due to deposition of energy into vibrational degrees of freedom via internal conversion from higher lying Rydberg states. The time constants attributed to peak narrowing and shifting for the 3s and lower 3p states are thus also affected by the rate of the internal conversion from the higher lying state. Additionally, the amount of vibrational energy available to the molecule is different for the different electronic states.
Having established the dynamics of the wavepacket evolution, we model the kinetics of the photoisomerization reaction. To determine the lifetimes of the Rydberg states we assume first order kinetics for transitions between electronic states. We postulate the electronic relaxation scheme of Figure 5 : photoexcitation populates 3p and 3s Rydberg states. The 3p states relax to 3s with a time constant τ 1 . In the 3s Rydberg state the molecule isomerizes to NB with a time constant τ 2 . NB itself decays to a lower lying electronic state with a time constant τ 3 . The following assumptions were made: (a) the decay rates of the different 3p states to the 3s state are the same (i.e., we can analyze only the sum of the signals originating from the 3p states), (b) the rate of relaxation of the QD 3s Rydberg state to the ground electronic state is small compared to the rate of the isomerization reaction and can be ignored.
To optimize the parameters we used the LevenbergMarquardt algorithm (see the Appendix). The time dependence of the Rydberg peaks and the fits are shown in Figure 5 . The following parameters were obtained: the lifetime of the 3p Rydberg state is τ 1 = 320(31) fs (Ref. 35) ; the isomerization reaction of QD into NB has a time constant of τ 2 = 136(45) fs; the lifetime of the 3s Rydberg state in NB is τ 3 = 394(32) fs. The later number agrees reasonably well with the measurements performed by Fuβ and co-workers who studied electronic relaxation dynamics of NB and reported a lifetime of the 3s Rydberg state as 420 fs. 36 The amounts of vibrational energy available to the molecule in our experiment and Fuβ's experiments are different. In their experiment, NB was excited with 200 nm photons, which deposits ∼0.65 eV into vibrational motion. In our experiment, the photoexcitation of QD deposits 1.05 eV into vibrational motions. Isomerization of QD into NB converts an additional ∼0.24 eV (Refs. 27 and 32) into vibrational motions, making the total energy available to NB in the 3s Rydberg state ∼1.29 eV. The higher internal energy of NB in our experiment is consistent with a faster decay time as measured.
Intriguingly, QD isomerizes to NB on a timescale that is faster than the vibrational relaxation that brings QD to the minimum of its energy well. This could suggest that the rate of the isomerization changes as the molecule settles into the well, a detail that our model does not include. Indeed, the time points of NB between 1 and 2 ps show more signal than the fit based on the model accommodates, which might imply a slower reaction once the molecule settles into the QD well. This could suggest that the wave packet bifurcates early in the reaction: one part crosses the barrier rather quickly, possibly on the first pass of the wavepacket toward the barrier. A fraction of the wavepacket would be reflected and dissipates into the QD well, from where it reacts to NB on a slower time scale. To fully capture such fine details of the reaction, studies with higher time resolution would be needed.
CONCLUSIONS
Photoexcitation with 208 nm photons induces a multitude of dynamical changes in quadricyclane, which the timedependent photoelectron spectrum allows us to observe in great clarity. Internal conversion with a 320 fs time constant brings the molecules from 3p to the 3s state, while simultaneous motions of the wavepacket bring the molecule from the structure of the Franck-Condon region to the new equilibrium structure of the Rydberg states. The time constants for the latter processes depend on the amount of energy in vibrations available to the molecule in the electronic state. Similar time constants are observed in the shifts of the Rydberg peak, which reflect the structure of the molecule, and the width of the peaks, which relate to the structural dispersion about the equilibrium positions.
Quadricyclane is unstable, and reacts with a time constant of 136 fs to norbornadiene in the 3s state, which itself decays with a 394 fs time constant to lower electronic states. The isomerization is observed as the concerted decay of the quadricyclane spectrum and the rise of the norbornadiene spectrum. The isomerization only takes place on the 3s surface, which is consistent with a barrier of about 0.5 eV. There is some evidence for a bifurcation of the wavepacket into a component that directly reacts into NB, and one that reacts after the energy has relaxed within the QD well.
The time-resolved measurements on the QD/NB system have provided a wealth of information about this interesting and important model system. To advance the methodology further, it would be important to develop an accurate theory to describe binding energies of Rydberg electrons. Given such a tool, we would be in a position to quantitatively determine the structural parameters during the relaxation of QD and the isomerization reaction. In the present case, the fact that multiple Rydberg states are observed simultaneously could help to make the structure determination quite specific. Work in this direction is in progress. 
Here P QD , S QD , and S NB are the populations of the 3p states in QD, the 3s states in QD, and the 3s state in NB, respectively. Assuming that photoexitation promotes a fraction α of the molecules to the 3p Rydberg states in QD and fraction (1 − α) of the molecules to the 3s Rydberg state in QD the solution to the Eqs. (A1) is given by P QD (t) = α · exp − t τ 1 for t ≥ 0, P QD = 0 for t < 0
for t ≥ 0, S NB = 0 for t < 0.
The convolution of molecular function and instrument function (assumed to be Gaussian) was calculated as
where M(t) is the molecular function (either P QD , S QD , or S NB ). The optimization of all adjustable parameters (time zero, decay times, scaling constants, and the standard deviation for the instrument function) was performed using the Levenberg Marquardt algorithm 37 for all curves at once (time zero and scaling constants are not included in Eqs. (A2)). Optimization with a unitary weight matrix yielded the following values of the parameters: τ 1 = 320(31) fs, τ 2 = 136(45) fs, τ 3 = 394(32) fs, σ = 164 fs, and α = 7(22)%. 35 The uncertainty for the parameter α is very large and it is strongly correlated with several other parameters. Therefore the fraction of the molecules excited to the 3p and the 3s states cannot be reliably determined in our experiment.
